H uman NK cells express two types of receptors that bind to HLA class I molecules on target cells (1) . The killer cell Ig-like receptors (KIRs) 1 form a family including members that inhibit NK cells upon recognition of specific classical HLA class I molecules, in particular HLA-C and HLA-B. In addition, the lectin-like CD94/NKG2A heterodimer is an inhibitory receptor specific for the nonclassical class I molecule HLA-E (2-4). Another nonclassical HLA class I molecule, HLA-G, has been reported to inhibit NK cells (5) (6) (7) (8) . However, the protection of HLA-G-expressing target cells from NK-mediated lysis can be explained by the recognition of HLA-E on these cells by the CD94/NKG2A receptor. Cell surface expression of HLA-E depends on the binding of a specific peptide derived from the leader sequence of other class I molecules, including HLA-G (9, 10) .
The KIR and NKG2 families include members that activate, rather than inhibit, NK cells (1, 11) . These activating receptors, such as KIR2DS and NKG2C, have short cytoplasmic tails that lack immunoreceptor tyrosine-based inhibition motifs (ITIMs). In addition, a lysine residue in their transmembrane domain contributes to their association with DAP12 (12) , a homodimer of a 12-kD molecule with a cytoplasmic immunoreceptor tyrosine-based activation motif (ITAM). In contrast, the inhibitory receptors, such as KIR2DL, KIR3DL, and NKG2A, have long cytoplasmic tails with two ITIM sequences. In their case, inhibition is achieved by the recruitment of the tyrosine phosphatase SHP-1 to phosphorylated ITIMs. Expression of the different KIR and NKG2 family members, including activating and inhibitory forms, is clonally distributed among NK cells. Individual NK cells express several such receptors at once, in no particular combination. Besides the few inhibitory KIRs with established specificities for HLA class I, all other KIR family members have poorly defined ligand specificities.
HLA-G is expressed only on fetal trophoblast cells that invade the maternal decidua (13) . These invading trophoblast cells are surrounded by maternal stromal cells and NK cells that are abundant in the decidua basalis during early pregnancy. It has been proposed that HLA-G on trophoblast cells interacts with a receptor on NK cells (13) . Such an interaction may serve to inhibit NK cytotoxicity, but may also provide signals that result in a positive NK response.
In a search for an HLA-G-specific receptor, soluble forms of several KIRs were produced and tested for binding to transfected cells expressing HLA-G. One of the KIRs of unknown function, called KIR2DL4, is structurally unique among the KIR family members. Complementary DNA clones encoding KIR2DL4 predict a molecule with two Ig domains in a unique D0-D2 configuration (14, 15) . Other KIRs have either two or three Ig domains in the order D1-D2 or D0-D1-D2, respectively. The predicted transmembrane region that includes an arginine residue and the long cytoplasmic tail with a single ITIM are also unique. Therefore, KIR2DL4 has features typical of both activating and inhibitory receptors, leaving some uncertainty as to what type of signal it may deliver to NK cells. In this study, we describe expression of KIR2DL4 at the surface of all NK cells and identify it as an HLA-G-specific receptor.
Materials and Methods
Cells and Antibodies. The NK cell lines NK3.3 (a gift from J. Kornbluth, St. Louis University School of Medicine, St. Louis, MO) and NK-92 (obtained from H.-G. Klingemann, Rush University, Chicago, IL) were cultured as previously described (16, 17) . HLA class I transfectants of the 721.221 cell line were obtained from J. Gumperz and P. Parham (Stanford University, Stanford, CA), except for the HLA-G transfectant, which was obtained from L. Lanier (DNAX, Palo Alto, CA). The T leukemic cell line Jurkat and the monocytic cell line HL60 were obtained from the American Type Culture Collection. RMA-S cells transfected with HLA-E (RMA-S-E) cells were obtained from E.H. Weiss and M. Ulbrecht (Institut für Anthropologie and Humangenetik der Universität München, Munich, Germany) and used as previously described (3) . NK clones were produced from the peripheral blood of normal donors as previously described (18) . Anti-CD3 and anti-CD56 antibodies conjugated to PE were purchased from Becton Dickinson. The HLA-specific mAb B9.12.1, the KIR2DL1-reactive mAb EB6, and isotype-matched control Abs were obtained from Immunotech. Rabbit antisera to the NH 2 -terminal region of KIR2DL4 (referred to as anti-2DL4) were raised by immunization with the synthetic peptide VGGQDLPFC, and were affinity purified on the same peptide (Research Genetics). The mAb VV1-IG10, specific for the A33 early/intermediate vaccinia protein, was a gift of A. Schmaljohn (U.S. Army, Fort Detrick, Frederick, MD). The MHC class I-specific mAb DX17 was a gift of L. Lanier. The HLA-G-specific mAb (G233) was a gift of A. King (Cambridge University, Cambridge, UK). This mAb does not react with classical HLA molecules and reacts with HLA-G in extravillous trophoblasts (19) .
KIR2DL4-Ig Fusion Proteins and Binding Assay. The KIR2DL4-Ig fusion protein was produced by the same strategy used for other KIR-Ig proteins (20) . The extracellular region was PCR amplified from a cDNA clone of KIR2DL4 obtained from A. Selvakumar and B. Dupont (Memorial Sloan Kettering Cancer Center, New York, NY) with the forward primer CAGAGTGTGCTAGCG-CACGTGGGTGGTCAGGACAAGCC containing an NheI site, and the reverse primer GAGTACCTAGGATCCGCATGCAG-GTGTCTGGCGATACC containing a BamHI site. These PCR fragments were cloned into the expression vector Cd5lneg1 (obtained from B. Seed, Massachusetts General Hospital, Charlestown, MA). SDS-PAGE analysis of the purified recombinant protein identified a species of ‫ف‬ 65 kD under reducing conditions. The binding assay was performed as previously described (20) , except that the cells were incubated with goat IgG (50 g/ml) for 30 min after incubation with the 2DL4-Ig fusion protein and before addition of the FITC-conjugated goat anti-human Fc. Binding was assessed by flow cytometry.
Vaccinia Virus Infection, Cytotoxicity Assays, and Peptide Loading. cDNAs encoding KIR2DL4 and NKG2A (obtained from J. Houchins, R&D Systems, Minneapolis, MN) were subcloned into the plasmid pSC65 and used to generate recombinant vaccinia viruses as previously described (21) . Purified viruses encoding KIR2DL4 or NKG2A were used to infect the human cell line NK-92, as previously described (20) . Vaccinia virus infections were monitored by flow cytometry with the mAb VV1-IG10. Infected and uninfected control cells were simultaneously plated for standard 51 Cr-release assays and for Ab staining followed by flow cytometry as previously described (20) . Peptide loading was done as previously described (3). In brief, 500 M of the HLA-G signal sequence peptide (VMAPRTFL) was incubated overnight with RMA-S-E cells plated at 5 ϫ 10 5 cells/ml. Cells were washed and used for antibody staining followed by flow cytometry.
Results and Discussion
Direct Binding of Soluble KIR2DL4 to 721.221 Cells Expressing HLA-G. A soluble recombinant protein containing the extracellular portion of KIR2DL4 fused to the Fc region of human IgG1 (KIR2DL4-Ig) was produced in order to search for its ligand. Binding of KIR2DL4-Ig to a panel of HLA-transfected 721.221 cells was analyzed by flow cytometry. KIR2DL4-Ig displayed a uniform binding to all the 721.221 transfectants tested, as well as untransfected 721.221 cells (Fig. 1 A) . This HLA class I-independent binding of KIR2DL4 to 721.221 cells may be due to the first Ig domain (D0), as similar results have been reported with soluble KIR3DL1 (22) and KIR3DL2 (23), both of which contain a D0 domain, and with a soluble D0-Ig fusion protein (22) . In contrast, KIR2DL4-Ig bound strongly to 721.221 cells expressing HLA-G (221-G). As expected, KIR2DL2-Ig bound to its ligand HLA-Cw3 but not to HLA-G expressed on 721.221 cells (Fig. 1 A) . Unlike previous studies describing weak and heterogeneous binding of the similar p49 KIR (15) and the Ig-like transcript (ILT)-2 and ILT-4 members of the ILT inhibitory receptor family expressed mainly on monocytic cells (24, 25) , binding of KIR2DL4-Ig to HLA-G was detected by flow cytometry as a bright and uniform peak ( Fig. 1 A, inset) .
The panel of HLA transfectants included HLA-A1, -A2, -B7, -Cw3 and -G, all permissive for HLA-E expression, and HLA-B46, -B51, and -B58, which are not permissive for HLA-E expression (Fig. 1 , and data not shown). Thus, it is unlikely that the KIR2DL4-Ig binds to the HLA-E molecules that reach the cell surface upon binding the peptide derived from the HLA-G leader sequence. The comparison of KIR2DL4-Ig binding to 221-B7 and 221-G cells (Fig. 1 B) provides further evidence that KIR2DL4 is not binding to HLA-E. The peptide from the HLA-B7 leader sequence binds HLA-E fivefold better than the HLA-G-derived leader peptide in an in vitro peptide binding assay, resulting in higher HLA-E surface expression (2) . Yet despite a very high surface level of HLA-B7 expression on 221-B7 cells, there was no binding of KIR2DL4-Ig to 221-B7 above the HLA-independent binding (Fig. 1 B) .
Cell Surface Expression of KIR2DL4 on All NK Cells. The KIR2DL4 gene is transcribed in every NK cell tested (15, 26) , but there is no information on protein expression of KIR2DL4 in NK cells. An antiserum against a peptide corresponding to a unique NH 2 -terminal sequence of KIR2DL4 was produced to examine cell surface expression of KIR2DL4 on a panel of NK, T, B, and monocyte/macrophage cell lines. The anti-KIR2DL4 (anti-2DL4) antiserum reacted with the NK cell lines NK-92 and NK3.3. (Fig. 2 A) . There was negligible staining of cell lines such as the T leukemic line Jurkat, the B cell line 721.221, and the monocytic cell line HL-60. All NK clones in a random panel tested ( n ϭ 14) expressed uniformly high cell surface KIR2DL4 (Fig.  2 A) . To test whether KIR2DL4 was expressed on all NK cells, CD3 Ϫ CD56 ϩ cells were isolated from the peripheral blood lymphocytes of four donors. All CD56 ϩ cells ( Ͼ 99%) in these cultures reacted with the anti-2DL4 antiserum (Fig. 2 B) . In contrast, only 2% of the CD3 ϩ lymphocytes reacted with the anti-2DL4 antiserum (Fig. 2 B) . The proportion of KIR2DL4 ϩ cells within the CD3 ϩ population varied between 1 and 9% among six donors tested. Three-color analysis of the CD3 ϩ 2DL4 ϩ subpopulation by flow cytometry showed that the majority of these cells also expressed the NK marker CD56 (data not shown).
Functional Transfer of KIR2DL4 in NK-92 Cells. A recombinant vaccinia virus encoding KIR2DL4 (vac-2DL4) was produced for functional transfer experiments in order to confirm the ligand specificity seen in binding studies and to test whether KIR2DL4 can inhibit the lysis of HLA-Gbearing targets. The highly lytic NK tumor cell line NK-92, chosen because it has been used successfully for vaccinia virus-mediated expression (18, 20) , was tested for the inhibition of lysis of 721.221 target cells expressing different HLA class I molecules. NK-92 cells express a low endogenous level of KIR2DL4 as determined by flow cytometry (Figs. 2 A and 3 A) . In multiple experiments ( n ϭ 30), lysis of the HLA-G-expressing target cell 221-G was reduced to 73 Ϯ 19% of the lysis observed with the HLA class I-deficient parental cell 721.221. This low but reproducible inhibition would be consistent with recognition of HLA-G by endogenous KIR2DL4. The level of expression of KIR2DL4 on infected NK-92 (Fig. 3 A) was very similar to that of endogenous KIR2DL4 on NK clones (Fig. 2 A) . Vaccinia virus-infected NK-92 cells expressing KIR2DL4 lysed 721.221 cells and 721.221 cells transfected with HLA-Cw4 (Fig. 3 B) . In contrast, there was striking inhibition of lysis of 221-G cells. A number of other 721.221 transfectants expressing HLA class I genes, such as HLA-A1, -A2, -B7, -B58, -Cw3, and -Cw7, were not protected from lysis by NK-92 cells expressing KIR2DL4 (Table I , and data not shown). If 221-G cells are protected from lysis through recognition of HLA-G by KIR2DL4, lysis should be restored in the presence of anti-HLA class I antibodies such as DX17 (27) . KIR2DL4-expressing NK-92 cells incubated with target cells in the presence of DX17 mAb lysed the 221-G cells to the same extent as untransfected 721.221 cells (Fig. 3 C) .
Several HLA class I molecules, including HLA-G, are permissive for the expression of HLA-E (2-4). However, lysis of the HLA-E-permissive 221-Cw4 cells by NK cells expressing KIR2DL4 (Fig. 2) suggests that HLA-E is not recognized by KIR2DL4. To further distinguish between HLA-G-and HLA-E-mediated protection, NK-92 cells expressing either KIR2DL4 or the HLA-E-specific inhibitory receptor CD94/NKG2A were tested against a panel of 721.221 cells transfected with individual HLA class I genes. The endogenous CD94/NKG2A present on NK-92 cells is not sufficient to provide inhibition of lysis upon recognition of HLA-E-expressing target cells (Table I) . However, increasing the cell surface expression of NKG2A using a recombinant vaccinia virus (as detected by flow cytometry; data not shown) resulted in inhibition of lysis that correlated with HLA-E expression (Table I) . Thus, there was inhibition of lysis of target cells expressing HLA-A1, -Cw3, -Cw4, and -G, but not HLA-B58, an allele not permissive for HLA-E expression (Table I) . It is worth noting that the complete inhibition of 221-G target cell lysis by NK-92 infected with vac-NKG2A may reflect the combined inhibi- tion mediated by recognition of HLA-E by CD94/NKG2A and of HLA-G by endogenous KIR2DL4. In contrast, as reported above, NK-92 cells expressing KIR2DL4 were inhibited only by HLA-G-expressing cells and not by cells expressing other HLA class I molecules along with HLA-E. These data show that functional transfer of KIR2DL4 into NK-92 cells conferred specificity for HLA-G, leading to inhibition of target cell lysis.
Finally, to obtain independent evidence that HLA-G and not HLA-E is recognized by KIR2DL4, we tested the effect of an HLA-G-specific mAb on the KIR2DL4-mediated inhibition of NK-92. To test whether this mAb may recognize HLA-E in the context of a bound peptide derived from the HLA-G signal peptide, the transporter for antigen presentation (TAP)-deficient mouse RMA-S cell transfected with HLA-E (denoted RMAS-E) was loaded with the HLA-G signal sequence peptide VMAPRTLFL at 26 Њ C. This resulted in increased surface stabilization of HLA-E as detected with the anti-HLA mAb B9.12.1. However, no binding of mAb G233 was detected (Fig. 4 A) . Thus, mAb G233 does not recognize HLA-E. NK-92 cells were infected with recombinant vaccinia viruses encoding KIR2DL1 or KIR2DL4, resulting in high surface expression of these receptors (Fig. 4 B) . Lysis of 221-G target cells was tested in the presence of G233 mAb or an isotype-matched IgG2a. Only G233 restored the lysis of 221-G cells by KIR2DL4-expressing NK-92 cells to the level observed with KIR2DL1-expressing NK-92 (Fig. 4 C) . mAb G233 had no effect on the inhibition of lysis of 221-Cw4 cells by KIR2DL1-expressing NK-92 cells (data not shown).
These data demonstrate that the single ITIM in the context of the KIR2DL4 molecule can deliver an inhibitory (6, 8, 32 , and our unpublished observations).
In conclusion, these results clearly identify KIR2DL4 as a specific receptor for HLA-G, by both direct binding and functional transfer. Previously, the only NK receptor that reproducibly inhibited the lysis of HLA-G-expressing cells by NK cells was the CD94/NKG2A heterodimer (6) (7) (8) . However, this inhibition can be explained by the binding of CD94/NKG2A to the class Ib molecule HLA-E. Moreover, CD94/NKG2A is not expressed by all NK cells (26, 33) , and CD94 Ϫ NK cells that are inhibited by HLA-G have been reported (6) (7) (8) , suggesting the existence of yet another NK receptor specific for HLA-G. The ILT2 receptor expressed on monocytes and on a subset of NK cells can also inhibit lysis of target cells expressing HLA-G (34). However, in contrast to KIR2DL4, ILT2 and CD94/ NKG2A are not expressed by all NK cells.
The basis for the immune privilege of the fetus, which is a hemi-allogeneic graft, represents an interesting immunological puzzle. Trophoblast cells do not express HLA-A or HLA-B molecules on their cell surface, a feature thought to confer protection from T cell responses. In contrast, expression of HLA-G on trophoblast cells may result in a functional interaction with KIR2DL4 on maternal decidual NK cells. CD16 Ϫ CD56 bright NK cells constitute the major population of lymphocytes in the decidua (13) . The outcome of this interaction in situ remains to be established and might involve the regulation of a number of NK functions such as cytotoxicity, cytokine production, or proliferation. For example, the high expression of HLA-G on cytotrophoblasts may play a role in preventing local activation of maternal NK cells. This may provide a basis for earlier observations showing that cultured fetal trophoblast cells are resistant to lysis by NK cells isolated from either human decidua or peripheral blood (35) . Alternatively, recognition of HLA-G by KIR2DL4-expressing NK cells might regulate trophoblast differentiation or invasion into the maternal decidua. Delineating the biological significance of the HLA-G-KIR2DL4 interaction at the maternal-fetal interface will be a step towards resolving the apparent immunological paradox of a successful pregnancy.
